Introduction
In the aeronautics industry, during manufacture, random porosity or undesirable material may appear in composite structures during the manufacturing process. When structures are in service, impacts may result in delamination or disbonding. These undesirable inclusions or defects affect the structure and its mechanical properties. In order to check the integrity of the composite, these defects have to be revealed.
Several techniques can be used to detect such defects. At the moment, however, the only NDT method leading to certification is Ultrasonic Testing [1] . Ultrasonic Testing is a contact or non-contact method which requires voluminous equipment (pool, etc.). Although it enables many defects such as delamination, disbonding, etc. to be detected easily and accurately [2, 3] . It is nevertheless a relatively slow process.
Over the past twenty years, optical methods have gradually appeared and are now being applied to Non Destructive Testing. InfraRed Thermography is commonly used and methods such as Speckle Shearing Interferometry [4] have also recently come into use.
Initial studies on IR thermography were carried out on metallic samples [5] , but when used to test composite material, this method cannot detect internal defects. Nowadays, it can reveal many other defects: impact damage, delamination, disbonding, etc. [6] [7] [8] .
Shearography is a new method. Derived from speckle interferometry, it is used to determine the strain field of a given specimen [9] . Delamination, disbonding or wrinkles can be identified using this method [10] . However, these optical methods are not yet used on an industrial level because the results are relatively hard to analyse and there is also a lack of both standardization and operator training.
The aim of the present study is firstly to check various specific aeronautical specimens in site. Three aeronautical specimens were chosen, each with a distinctive geometric shape making NDT difficult to carry out or problematic (non-detection, deformed shape, imprecise measurements, etc.).
Its aim is secondly to compare and verify the effectiveness of applying various NDT methods to defects visible to the naked eye. These defects can be thoroughly identified and measured. Comparing the visual method and the NDT methods make it possible to evaluate effectiveness (detection and size of defects as well as the speed of the NDT methods studied).
Specimens

Materials
The three specimens studied were manufactured by the aeronautical industry. Their geometric shapes are listed in a later section of the study (Section 4). The first two specimens are carbon/ epoxy composites and the third is a sandwich composite specimen (Nomex honeycomb core and Kevlar skins).
They are called Specimen A (cf Fig. 4 .1), Specimen B (cf Fig. 4 .4) and Specimen C (cf Fig. 4.9) , respectively.
Damage analysis on each of the three specimens is extremely difficult because of their distinctive geometry: Specimen A is a hollow cylindrical rod, 100 mm diameter, 10 mm thick and 1 m long. Its specific shape prevents access to the inside of the rod. In addition, it is coated with blue gloss paint to comply with aeronautical service specifications but in order to improve the quality of optical results, the damaged area has to be matt.
Specimen B is a flat plate, 500 mm Â 400 mm Â 2 mm. Specimen C has geometric discontinuity: an angle (around 135°) with a slope over the entire length of the specimen (700 mm Â 400 mm). NDT methods by contact are not easily applicable when specimens have non-constant geometry, i.e., a shape moving in space [11] . It will therefore be necessary as far as possible to adapt the NDT methods to check these specimens.
Defects
Each specimen has surface damage. The defect on Specimen A is delamination caused by an in-service impact. During a GVI, the size of the defect can be obtained quite simply using a steel ruler. The GVI defect is 98 mm and 18 mm.
Specimen B damage is the result of a lightning impact which occurred in service. The defect measures 41 mm and 75 mm.
The Specimen C defects are two cases of delamination due to the impact of a falling tool or of hailstones. These were created in the laboratory using a drop weight tester. The defect located above geometrical discontinuity is called no. 1 and the defect located on the geometrical discontinuity is called no. 2 (as defined in Fig. 4.9 ). Defect no. 1 is 13 mm and 9 mm. Defect no. 2 is 18 mm and 8 mm.
Measurements of all the defects are indexed in Table 1 .
Non destructive methods
Ultrasonic Testing
Ultrasonic Testing (UT) is commonly used in Non Destructive Tests. It is based on high frequency wave propagation. The waves are transmitted to the tested object by a transducer. As high frequency waves do not propagate in air, a couplant is required (water, gel coat, etc.). They propagate through the material and are reflected by the rear surface of the specimen. There are two possible ultrasonic techniques: reflection and transmission [12] . In the case of pulse/echo, there are different ways of receiving [1, 13, 14] . If the propagated waves pass through a medium different from that of the specimen, the reflected waves are disturbed indicating the presence of an inclusion. Ultrasonic Testing enables three-dimensional mapping of the specimen. Inclusion, delamination or debonding are localized in depth with different colors according to the scale used. This kind of method provides information such as the thickness of the specimen, the presence of an inhomogeneous medium, the modulus of elasticity of the examined specimen, or three-dimensional mapping.
In this study, a 5L64-NW1 multi-element transducer connected to an Omniscan 32: 128 PR (US monitor) is used as the ultrasonic source and the receiver. The wave velocity depends on the materials. And so, for the three tested specimens, the waves have a velocity ranging from 2600 to 5300 m s À1 and a frequency of 5 MHz. In order to carry out the experiments, a gel coating was applied (cf. Fig. 3 .1) and so the wave ratio transmitted to the sample is much better.
InfraRed Thermography
InfraRed Thermography is based on brief thermal stress applied to a specimen using a heat source. Thermal waves are propagated as far as the free edges of the specimen. When they reach a different medium, the propagation is disturbed and a thermal gradient is generated in the specimen. Indeed, the two mediums have different emissivity coefficients, which are captured by an IR sensor (InfraRed camera) enabling the emissivity coefficient to be converted to temperature. It is measured on the front of the specimen. Thermal two-dimensional mapping is created and inhomogeneities can be detected [15] [16] [17] [18] .
This method makes it possible to detect inclusions (particularly when they have very different thermal properties from those of the specimen material), delamination, debonding or crack networks [7] .
Halogen lamps are used to provide thermal sollicitation to the sample. They are positioned 300 mm from the front surface of the specimen. The front surface has been chosen as being similar to an in site inspection. The specimen is heated for 10 s, and a 30 s movie is recorded at 50 Hz. The installation of the experimental device is very fast (around 5 min). The camera is a Flir Titanium and its thermal resolution is 20 mK (cf. Fig. 3.2) . In order to detect the defect present in the recording, a relative movie has been created. The relative movie consists of withdrawing the first 10 images from the recorded film in order to eliminate the temperature due to the ambient environment. The presence of the defect appears during heating and cooling time. The defect is most visible in the image corresponding to the inflection point of the temperature curve. For the study, infrared images were taken at this point (example for the carbon plate Fig. 3.3) . 
Speckle shearing interferometry
The theoretical principle of speckle-shearing interferometry [9] is to split in two the image of the studied object using an optical system such as the Michelson interferometer or double-refractive prism. The system used for this study was composed of a non-pulsed laser, a Michelson interferometer and a CCD camera to record images [19] . The Michelson interferometer enables the shear to be set. A laser beam (light beam) is used to illuminate the object. This beam is split by passing through the Michelson interferometer.
The interference of the two sheared wavefronts results in a speckled pattern. In order to obtain the shearographic image, the strain configuration speckle is compared to the speckle in its initial state. The resulting fringes represent the derivative of the outplane displacement. This gives direct information about the distortion of the object [20, 21] . The object is put under strain using thermal stress.
Shearography mainly enables defects such as disbonding, delamination, wrinkling, porosity, foreign object or impact damage [10] .
In this study, the specimen was heated by a paint burner positioned 50 mm away. The heating temperature was 300°C and was applied for 30 s. The shearographic image was recorded by a CCD camera (cf. Fig. 3.4) . As is the case for InfraRed Thermography, setting up the experimental protocol can be done very quickly (around 3 min).
Non destructive tests and evaluation
All non destructive tests presented in the previous section were applied to the three specimens studied. To begin with, the results obtained with each method on each specimen were observed, noted and then a synthesis of the different non destructive methods was carried out. All the defects revealed were compared to GVI measurements, in accordance with the standards [22] (cf. Table 1 ).
Specimen A
Ultrasonic Testings
The ultrasonic non destructive tests were carried out by contact. However, Specimen A is cylindrical. Therefore the flat multi-element probes used during control could not follow the cylindrical shape of the specimen. There was considerable sound signal loss in the air. Consequently the test produced no result in relation to defects (position and dimension) on Specimen A. The material prevented results being obtained. 
InfraRed Thermography tests
As mentioned in Section 3.2, the halogen lamps are situated in front of the specimen in order to represent an in site inspection. The specimen surface observed is the damaged surface. In fact, Specimen A being thick and having a hollow circular section, a huge quantity of heat is lost in detecting defects on the rear surface.
The InfraRed Thermography tests made it possible to identify the presence of defects on Specimen A in a very short time, around 30 s (cf. Fig. 4.2) . The size of the pixel is calculated from the images. Therefore, the dimensions of the defects can be determined accurately. Indeed, the defect is 97 mm Â 20 mm. It is obvious that the results obtained with InfraRed Thermography are similar to GVI measurements (maximum deviation around 10%).
Speckle shearing interferometry tests
The defects on Specimen A were identified quickly by Shearography tests, around 1 min (cf. Fig. 4.3) . It is important to note that the images obtained by Shearography are not easily analysed. There were many defects on this specimen and Shearography detected them all. This means that a considerable amount of the information was shown on the image, making it illegible. Nevertheless, it was possible to determine the size of the defects. The range of the defect area is 107 mm Â 22.5 mm. The difference between the GVI and the Shearography results represents 9% as regards length and 25% as regards width. This measurement variation is due to the difficult in analysis of the shearographic image. Table 2 summarizes the measurements of the defect for each device.
Comparative analysis
The results obtained on a cylindrical specimen greatly depend on the equipment available at the test center. Indeed, the defects could not be determined using ultrasonic tests because the multi-element probe was not suitable. The comparative deviation in defect size obtained using Shearography and GVI is greater than that obtained using IR thermography and GVI. Determining the size of the defects accurately would therefore appear more difficult with Shearography than with thermography. In the case of a cylindrical specimen, InfraRed Thermography is the quickest and most suitable method to detect and quantify defect dimensions.
Specimen B 4.2.1. Ultrasonic tests
Two C-Scan inspections were carried out : one on the front of the specimen and the other one on the back. For the front surface inspection (i.e. the surface on which the lightning impact is located), the defect measured 43.5 mm Â 79 mm (cf. Fig. 4.5) . On the back, the defect measurements were 38.5 mm Â 63.5 mm (cf. Fig. 4 
.5).
Three reasons may explain the relatively smaller size of the defect on the back: firstly, signal loss through the thickness of the specimen, secondly, surface coating on the back, thirdly, position of the probe focus because the defect is on the surface.
The in-depth position is the same from both front and back. The shape of the defect is similar to that of the GVI defect. The actual size of the defect on the specimen and its UT size are virtually the same (around 5%). From the 2D map, a sectional elevation can be traced showing that the defect is on the surface of the specimen (Fig. 4.6) .
Setting up the system and the actual testing took 30 min. At the end of the test, a 2D specimen map was obtained with information on the depth and position of the defect. In relation to the length of the test itself, analysis time was very short. We note that the defect is fully characterized (size and depth).
InfraRed Thermography tests
2D mapping of the specimen and identification of the defects can be obtained using IR thermography tests (cf. Fig. 4.7) . The size of the revealed defect is 36 mm length and 60 mm width. Its shape is almost the same as the GVI defect on the damaged surface. The variations between the GVI and the IR thermography measurements are 12% in length and 20% in width.
This method is very quick and results can be obtained in 1 min: 30 s to record and 30 s to analyse the results. InfraRed Thermography can therefore be used as a first step to identify and locate the presence of a defect very quickly. Following that, the size of the defect can be determined more precisely using Ultrasonic Testing.
Speckle shearing interferometry tests
The defects on Specimen B can be identified by Shearography tests in a relatively short time: approximately 1 min (cf. Fig. 4.8) . The size of the defect is 37.5 mm Â 59.5 mm. The differences between the GVI and the Shearography measurements are 8% as regards length and 21% as regards width. This difference is due to the fact that the shearographic image is a little fuzzy preventing the size of the defect to be measured properly. Table 3 summarizes the measurements of the defect for each device.
Comparative analysis
For this specimen, the defects were easily detected by all three methods. Qualitatively, the three methods are efficient and the defect shapes are the same. Quantitatively, it depends mainly on the software used, the resolution of the CCD sensor and the accuracy of the measurements. For the three methods, a good estimation of the Sectional elevation defect dimensions was obtained. The best comparative results in relation to the GVI measurements were obtained with UT (5% deviation). Even though a 20% deviation can be observed when UT and IR thermography defect measurements are compared, IR thermography is faster than Ultrasonic Testing. Consequently it would appear judicious to use several non destructive methods to detect and quantify this kind of defect as fast and as accurately as possible.
Specimen C
For Specimen C, two GVI defects had to be detected. Defect no. 1 was located above geometrical discontinuity and defect no. 2 was located on the angle of this geometrical discontinuity (cf. Fig. 4.9 ).
Ultrasonic tests
Defect no. 1 was detected by ultrasonic tests (cf. Fig. 4.10) . The geometry of the specimen (defect slightly on the angle) made UT measurement difficult. Thus, only the defect length could be determined: 22 mm. The difference between the GVI and the UT measurements of length is 22%. As shown on Fig. 4 .10, the defect was located not only on the surface of the specimen but also in depth.
Defect no. 2 was not detected. Checking this impact was impossible because the device (multi-element probe) was not suitable and the folding angle was variable.
InfraRed Thermography tests
Both defects were determined by InfraRed Thermography within a few seconds (cf. Fig. 4.11) . Defect no. 1 is 15 mm Â 10 mm. The difference between the GVI and the IR thermography measurements is 15% in length and 11% in width.
The dimensions of the defect no. 2 are 22 mm length and 8.5 mm width. The differences between the GVI measurements and the IR thermography measurements are equal to 22% as regards length and 6% as regards width. The considerable deviation in length can almost certainly be attributed to the focusing problem due to the geometrical discontinuity. 
Speckle shearing interferometry tests
The defects on Specimen C were identified by Shearography tests within a relatively short time of around 1 min (cf. Fig. 4.12) . The image is very clear and the defects are perfectly visible. Shearography therefore seems well suited to the detection of defects in this type of specimen.
Defect no. 1 is 15 mm Â 15 mm. The variation between the GVI and the Shearography measurements is 17% in length and 87.5% in width. However, on the shearographic image, the defect appears circular which is not surprising for an impact defect; and so in this case, the GVI measurement may be incorrect.
Defect no. 2 is 15 mm Â 8 mm. The variation between the GVI and the Shearography measurements is 16% in length and 11% in width. Table 4 summarizes the measurements of the both defects for each device.
Comparative analysis
For a specimen such as this with a variable radius of curvature, it is impossible to check the defect in the plies using Ultrasonic Testing. This is contrary to the case of Specimen A where a specific single transducer enabled UT to be carried out. For this reason, in this experiment, defect no. 2 could not be detected with Ultrasonic Testing. UT is very restricted compared to other equipment.
With Shearography and InfraRed Thermography tests, defects were determined very quickly. However, the images obtained with Shearography are much clearer and sharper than those obtained with IR thermography. Thus, for this specimen, the most suitable method appear to be Shearography.
Methods comparison
InfraRed Thermography and Shearography detected all the defects present on the three specific specimens contrary to Ultrasonic Testing. Therefore, each technique has its own particular limitations. Table 5 presents a summary of the characteristics for each technique.
The major difference between the three Non Destructive Testing methods is the time taken to set up the experimental device and to analyse the results. In fact, Ultrasonic Testing takes a long time (around 30 min) compared to InfraRed Thermography (30 s) or Shearography (1 min). The time required to set up the experimental protocol for Ultrasonic Testing depends on the size and geometry of the specimen tested. Whatever the non destructive method used, the results obtained largely depend on the equipment, its resolution, its accuracy and its software. The multi-element probe used for the non destructive Ultrasonic Testing cannot produce results on Specimens A and C. The software used for ultrasonic, InfraRed Thermography and Shearography testing enables the results to be analysed very easily.
The advantage of the optical methods compared to those of Ultrasonic Testing is the independance of measurements as regards geometrical discontinuities.
This study has shown the advantages of each technique in relation to the three given specimens:
UT seems to be the best adapted method for small-sized flat specimens like Specimen B.
InfraRed Thermography seems to be the best method for largesized specimens with a constant geometry like Specimen A. Shearography seems to be the best adapted method for largesized specimens with a variable geometry like Specimen C.
On a more general level, all three techniques can be used with various kinds of material and in various types of environment.
Conclusion
The application of Non Destructive Testing methods to various specific composite specimens was the subject of this study. The following conclusions can be drawn from the experimental results obtained, in terms of both detection and size of the defects and rapidity of the methods themselves:
The defects were detected without fail by the optical methods but only sometimes by Ultrasonic Testing. In order to detect all the flaws with Ultrasonic Testing, a wide range of probes would be useful. The relative cost would increase with the considerable range of suitable probes required.
The advantage of Ultrasonic Testing compared to that of the optical methods is the determination of the depth of the defect and the degree of accuracy obtained.
All three techniques can be used with various kinds of material and in various types of environment. The three methods have their own advantages and limitations as described in Table 5 . It appears quite clearly that all the non destructive methods are complementary. Therefore, in order to obtain all the relevant information concerning the defects both quickly and precisely, it is important to use a combination of several non destructive methods.
It would be interesting and informative to analyse results obtained by Shearography in order to determine the size of the defects, and to develop the theoretical equations in thermography to evaluate their depth.
